We report on the fabrication of organic multiferroic tunnel junction (OMFTJ) based on an organic barrier of Poly(vinylidene fluoride) (PVDF):Fe3O4 nanocomposite. By adding Fe3O4 nanoparticles into the PVDF barrier, we found that the ferroelectric properties of the OMFTJ are considerably improved compared to that with pure PVDF barrier. It can lead to a tunneling electroresistance (TER) of about 450% at 10K and 100% at room temperature (RT), which is much higher than that of the pure PVDF based device (70% at 10K and 7% at RT). OMFTJs based on the PVDF:Fe3O4 nanocomposite could open new functionalities in smart multiferroic devices via the interplay of the magnetism of nanoparticle with the ferroelectricity of the organic barrier.
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The use of a ferroelectric thin film as barrier in a magnetic tunnel junction (MTJ) adds an additional level of functionality. In such a multiferroic tunnel junction (MFTJ), the tunneling electroresistance (TER) and tunneling magnetoresistance (TMR) effects coexist, 1 which could possibly lead to new applications such as multi-level data storage devices. 2, 3 Compared to inorganic spintronics, its organic counterpart is very appealing because of the long spin lifetime of charge carriers in addition to their relatively low cost, flexibility, and chemical diversity. 4, 5, 6 As one of the most typical ferroelectric polymers, poly (vinylidene fluoride) (PVDF) has been widely used in modern electronic systems and devices, whose ferroelectric performance relies mainly on its β phase content. 7 Moreover, PVDF and the related copolymers can form high quality ordered layers 8 and exhibit robust ferroelectricity down to monolayer thickness. 9 Their performances are comparable to that of perovskite oxide ferroelectrics, 10 making them suitable as tunneling barriers for organic multiferroic tunnel junctions (OMFTJs). 11 ,12 Recently, our group demonstrated the ferroelectric control of the "spinterface" spin-polarization in the PVDF or P(VDF-TrFE) based OMFTJs, 13, 14 which opens new functionalities in controlling the injection of spin polarization into organic materials via the ferroelectric polarization of the barrier. Further improvement of the ferroelectric properties of the OMFTJ devices is urgently required to promote potential memristor and spintronics applications.
Magnetite Fe3O4 has recently gained an increasing interest since bulk Fe3O4 has a high Curie temperature (Tc~850K) and is almost fully spin-polarized at room temperature (RT). Both properties are of great interests for applications in giant magneto-electronic and spin-valve devices. 15 It has been reported previously that ferroferric oxide (Fe3O4) spherical shaped nanoparticles are excellent fillers for high-dielectric-constant polymer composites. 16 , 17 , 18 Some researchers found that the ferroelectric properties of PVDF are improved by adding Fe3O4 nanoparticles. 19 , 20 , 21 , 22 were added into the PVDF solution with a ratio of 1:1 in volume. The mixture was sonicated (bathtype sonication) for 5h. The mixed suspension was then spin-coated onto the pre-patterned LSMO/STO substrate with a speed of 3000 RPM for 1 min. Subsequently, the as-coated film was annealed at 150ºC in Ar atmosphere for 2h to improve the crystallization of the ferroelectric β phase. 5 The thickness of the PVDF:Fe3O4 barrier was checked by the profilometer to be about 18 nm. Thirdly, the sample is then loaded into a molecular beam epitaxy (MBE) system (with a base pressure of 1×10 -10 Torr) for the growth of the top Co/Au electrodes. 10 nm thick Co and 10 nm thick Au were grown sequentially by e-beam evaporation with an in-situ shadow mask. To minimize the metal diffusion into organic materials, 25, 26 the temperature of the substrate was maintained at around 90K during the growth of the top electrode. The final junction, that is schematically shown in Fig. 3(a) , has a typical size of about 200×200 µm 2 .
The surface morphologies of both pure PVDF and PVDF:Fe3O4 nanocomposite films were compared by atomic force microscopy (AFM) ( and +10V. This confirms that the contribution of pinhole on transport is very limited despite the inhomogeneity of particle size. In addition, it also proves that the polarizing voltage around 4V
range does not induce a damage of organic barrier with the formation of pinholes and leakage currents.
The ferroelectric properties of both pure PVDF and PVDF:Fe3O4 nanocomposite films were compared by piezo-response force microscopy (PFM). In the PFM maps shown in Fig. 1 (e) and 1(f), the films were firstly polarized with a positively biased tip over the area indicated with a dashed square. Then, a negative poling bias was subsequently applied in the middle area to reverse the polarization. As observed from the strong contrast of PFM phase in the two polarization states, the polarizations of both pure PVDF and PVDF:Fe3O4 nanocomposite films are quite homogenous.
Moreover, a complete switching of the polarization can be achieved in both cases. Nevertheless, the difference in ferroelectric properties are highlighted by the local PFM phase and amplitude hysteresis loops, which are shown in Fig. 1 (g) and 1(h). As observed in Fig. 1(h) , the coercivity of the polarizing voltage is about 0.2 V, that is much smaller than the corresponding value (1.2V) measured on the pure PVDF film ( Fig. 1(g) ). This indicates that the switching of the polarization is much easier in PVDF:Fe3O4 nanocomposite films due to the improvement of their ferroelectric properties.
To investigate the magnetic properties of the Fe3O4 particles dispersed inside the PVDF, we have measured the magnetization of a Si/Au/PVDF:Fe3O4 sample with a superconducting quantum interference device (SQUID) magnetometer. 28 The moment is measured with a small field of +5mT for ZFC and FC (cooling with +5T) conditions. From the ZFC curve, the blocking temperature can be obtained to be around 15 K. This corresponds to a 5 nm size for the Fe3O4 nanoparticles, 28 which is in a good agreement with the nominal particle size of the purchased product.
A scheme of the LSMO/PVDF:Fe3O4/Co/Au device used for the electrical measurements is schematically shown in Fig. 3(a) . I-V measurements were performed using a two-terminal geometry by using a Keithley 2400 as a voltage source and a Keithley 6487 picoamperemeter to measure the current. To ferroelectrically polarize the PVDF barrier, we have applied different voltage pulses to the junction with a ramp of 0.1V/s and a duration of 1s. In Fig. 3(b) , two distinct I-V curves associated with different junction resistances were obtained after applying opposite polarizing voltages. Good tunneling properties are obtained from the non-linear variation of the I-V characteristics, which also confirms that the Fe3O4 inclusions do not create short circuit or pinholes in the PVDF barrier. and negatively polarized, respectively. The change of the TMR sign with different PVDF polarizations could be explained by the sign change of the spin-polarization at the organic/ferromagnetic "spinterface" depending on the ferroelectric polarization of the organic barrier. 13 Another possible explanation is that some oxygen atoms could exist at Co/PVDF interface.
Switching the ferroelectric polarization of PVDF shifts the Co-O antibonding state at the oxidized interface due to the screening of the polarization charges, which affects the interface transmission properties and reverses the spin-polarization at the Co/PVDF interface. 12 In addition to the TMR effect, a clear difference between the two parallel resistances (RP) for the two polarizations can be observed. The tunneling electroresistance is defined as: = × 100%, where and are the parallel resistance when the PVDF is in the "down" and "up" polarization states, respectively. The TER of the device reaches about 215%. The four resistance states associated with different magnetization and ferroelectric configurations prove the realization of the OMFTJ function with a PVDF barrier containing Fe3O4 nanoparticles. The TMR observed in PVDF:Fe3O4 OMFTJ is comparable to that of pure PVDF OMFTJ. 13 However, the TER measured in PVDF:Fe3O4 nanocomposite films is 3 times higher than that of pure PVDF OMFTJ 9 (~75%), 13 which confirms the enhancement of the ferroelectric performance in PVDF:Fe3O4 nanocomposite based OMFTJs. compared to the first loop (293%). When the ferroelectric domains are not fully polarized with the applied electric field, a larger opposite field is necessary to switch back the polarization, thus making the loop more and more opened. 29 This validates that the observed resistance switching is due to the ferroelectricity of PVDF and excludes other mechanisms, such as the migration of oxygen vacancy in LSMO surface 30 or a reversible redox reaction of electrodes 31 . To further optimize the TER, we have fabricated several samples by varying the PVDF:Fe3O4 barrier thickness. Fig. 3(f) shows the TER as a function of the barrier thickness and the corresponding resistance for the negative polarization state. It is found that the optimized thickness is about 18 nm. Both a lower and a larger barrier thickness leads to a decreasing TER value. These results are in good agreement with our previous thickness dependent results in P(VDF-TrFE) OMFTJs. 14 We have shown that the decreasing TER value for the device with a thin barrier is mainly due to the incomplete ferroelectric polarization of the barrier. 14 For the thicker barrier, the tunneling mechanism is dominated by thermally activated hopping inside the barrier. 32 Moreover, the larger interface roughness induced by the larger thickness is also detrimental to the ferroelectric properties. 13 Finally, we compare the temperature dependence of the TER for OMFTJs with a pure PVDF barrier and a PVDF:Fe3O4 nanocomposite barrier, as shown in Figs. 4(a) and 4(b). For both devices, 10 we have polarized the junctions at 10K and separately measured the junction resistance with increasing temperature in both polarization states. For the device with pure PVDF (Fig. 4(a) ), the resistance variations for both polarization states appear rather complicated, indicating that several mechanisms influencing the tunneling behavior are at work. 33 These mechanisms could include thermal activation of the hopping process, thermal strain in the PVDF or thermal relaxation of ferroelectric domains. 33 In the temperature range T>120K (indicated by dashed line), the resistance in the positive polarization state decreases, while it increases in the negative polarization state. The disappearing of the resistance difference for both polarization states results in a rapid drop of the TER from 80% at 120K to 7% at RT. This indicates that the thermal fluctuation of the ferroelectric domains is main mechanism to be responsible for the temperature dependence of resistance in the temperature range higher than 120K. 34 One can then estimate the energy barrier between the two polarization states to be about kBT=10meV from this characteristic temperature of 120K. As a comparison, the PVDF:Fe3O4 based OMFTJ shows a much better thermal stability of the ferroelectric properties.
Firstly, the characteristic temperature is shifted to 170K (indicated by the dashed line in Fig. 4(b) ),
indicating an increased energy barrier (corresponding to kBT=14meV) between the two polarization states. Secondly, the resistance contrast decrease is much less pronounced when the temperature increases. It is noteworthy that one can still obtain 100% TER at room temperature.
The improvement of the ferroelectric properties of PVDF by adding Fe3O4 nanoparticles can be explained by the following reasons. Firstly, the interaction between the negatively charged surface of the nanoparticles and the positively charged polymer CH2 groups can promote the nucleation of the polar β phase of PVDF, 23,24 which gives the main contribution to the ferroelectricity of the PVDF barrier. Secondly, the addition of Fe3O4 nanoparticles brings more position for charge accumulation 11 at the internal interfaces. The migration and accumulation of charge carriers can result in a homogenous polarization and a high dielectric constant. 20, 35 , 36 , 37 Thirdly, PVDF:Fe3O4 nanocomposite exhibits multiferroic properties with significant magneto-electric (ME) coupling at PVDF/particle interfacial regions, that could result in the enhancement of the ferroelectric properties. 21, 38 In addition, due to the ME coupling between the PVDF host and the Fe3O4 magnetic nanoparticles, the polarizing electric field could also alter the orientation of magnetization of Fe3O4 particles and affect the spin-dependent interface transmission probabilities. 39 In summary, we have fabricated La0.6Sr0.4MnO3/PVDF:Fe3O4 nanocomposite/Co OMFTJ. It is found that the ferroelectric properties of the OMFTJs can be considerably improved by adding Fe3O4 nanoparticles to the PVDF barrier. The PVDF:Fe3O4 OMFTJ shows a high TER of about 450% at 10K, which is six times larger than that of a pure PVDF based device. In addition, the higher energy barrier (14meV) between two polarization states ensures a better thermal stability of the OMFTJ with Fe3O4 nanoparticles, which can maintain a TER about 100% even at room temperature. The enhanced ferroelectricity of OMFTJ based on the PVDF:Fe3O4 nanocomposite will promote the OMFTJ for memristor and spintronics applications. 
